Abstract: GaAs nanowires (NWs) offer the possibility of decoupling light absorption from charge transport for high-performance photovoltaic (PV) devices. However, it is still an open question as to whether these devices can exceed the Shockley-Queisser efficiency limit for single-junction PV. In this work, single standing GaAs-based nanowire solar cells in both radial and vertical junction configurations is analyzed and compared to a planar thin-film design. By using a self-consistent, electrical-optically coupled 3D simulator, we show the design principles for nanowire and planar solar cells are significantly different; nanowire solar cells are vulnerable to surface and contact recombination, while planar solar cells suffer significant losses due to imperfect backside mirror reflection. Overall, the ultimate efficiency of the GaAs nanowire solar cell with radial and vertical junction is not expected to exceed that of the thin-film design, with both staying below the Shockley-Queisser limit. 
Introduction
It is commonly understood that with the advent of low-cost, moderate efficiency photovoltaics, the long-term future of photovoltaics, sometimes called the 'third generation,' would combine low costs with substantially higher efficiencies [1] . Nanowire solar cells can potentially satisfy both requirements and, as a result, are emerging as one of the most promising possibilities. To date, nanowire array solar cells have reached an efficiency of 13.8% [2] . The experimentally obtained efficiencies so far are still well below the ShockleyQueisser (SQ) limit-the ultimate theoretical efficiency limit for solar cells [3] . For GaAsbased single-junction photovoltaics, the SQ limit is at 33.5% [4] , and the highest efficiency obtained today is at 28.8% under 1-Sun with a thin-film design [5, 6] . Thus, there is still a lot of room for improvement, and nanowire array solar cells offer one possible approach. Since a single GaAs-based nanowire solar cell was recently reported to have an apparent solar conversion efficiency of 40% [7] , there is an open question as to whether performance at this level could also extend to large-area arrays.
Nanowire-based solar cells certainly have some distinct advantages over the more traditional, planar solar cell designs. For example, nanowires display excellent light absorption with minimal reflection [8, 9] . In an array configuration, the wire diameter, spacing, and even shape can be optimized, and an effective broadband sunlight absorption as high as ~98% can be achieved [10] . In single standing nanowires with diameters comparable or less than the wavelength of incoming light, the effective light capture cross section can well exceed the wire's physical cross section. In other words, such nanowires can function as optical antennas and exhibit a "self-concentrating" effect [11] . This effect is primarily responsible for the high short-circuit current (J SC ) observed in [7] . One additional benefit is the amount of material saved. With 10 times self-concentration, nanowires ideally would require 10 times less material than thin film designs at the same absorption efficiency [12] . This potentially can drive down the material costs for manufacturing solar cells, while keeping the cell efficiency high. Another advantage is the added junction area in a radialjunction nanowire, where the p-n junction runs along the axis of the nanowire. Carriers generated inside the nanowire can be quickly collected by the junction without much diffusion [13] [14] [15] , thereby improving the carrier collection efficiency.
On the other hand, nanowire solar cells also have some inherent disadvantages. One of the most obvious is their high surface-to-volume ratio. If left untreated, the nanowire surfaces can be defective with dangling bonds and as a result, induce large surface recombination. This is commonly cited as the leading cause for the low open-circuit voltages (V OC ) observed in fabricated nanowire solar cells [15] [16] [17] . However, this can be an advantage for certain applications such as electrochemical cells which require a high surface area-to-volume ratio. A second challenge associated with nanowires is building proper barriers for deflecting minority carriers away from contacts, such as the back-surface-field (BSF) used in silicon and GaAs thin-film solar cells [18] . Without proper minority carrier deflectors, the recombination loss at contacts can be significant. A third, lesser-known disadvantage is the decrease of reabsorption of radiated photons -a phenomenon known as photon recycling [19] . This has been shown to be a particularly important effect in high efficiency solar cells such as the GaAs double-heterostructure thin-film solar cells [6, 20, 21] . Near the SQ limit, radiative recombination becomes the dominant loss mechanism by emitting photons out of the device structure from recombined electron-hole pairs. If emitted photons can be trapped within the device and reabsorbed before escaping, they are not lost, so the radiative recombination is effectively decreased. Of course, one cannot completely eliminate the re-emission required by detailed balance. In planar solar cells, photon recycling benefits from having a backside mirror and total internal reflection, meaning only a small fraction of the isotropically emitted photons can escape the structure through the semiconductor (for GaAs, refractive index n=3.3 near the band edge)-air (n=1) interface. In comparison, nanowire solar cells are commonly designed to enhance in-coupling of light for maximum sunlight absorption, and as a result of reciprocity [22, 23] , the radiatively emitted photons can also be extracted out of the device efficiently, thus decreasing the probability of reabsorption.
The design and operation of the nanowire solar cells are distinctly different, and arguably more complex than traditional solar cells. In traditional solar cells, the electrically active part of the cell, namely the p-n junction responsible for separating the carriers, is well separated from the optically active part, namely the anti-reflective coating for enhancing sunlight absorption. One can easily optimize one separately without too much concern for the other. In the nanowires however, the electrically and optically active regions are the same and one. Aspects such as photon recycling further complicate the design by linking the electrical transport with optical reabsorption. Thus, in order to properly predict the performance of nanowire solar cells, one must consider the optical and electrical aspects in a self-consistent fashion. Moreover, photon recycling is an important aspect in devices other than nanowires also, for example, in optoelectronic devices such as LED [24] . We expect that, as the solar cell efficiency increases toward its ultimate limit, the complication of photon recycling linking electrical and optical components will become an important issue that is common to all the devices. This paper explores practical issues of GaAs-based standing nanowire solar cell efficiency using detailed numerical simulations that include both electrical transport and optics. The first step, therefore, is to build a numerical device simulator including photon recycling in a way that is consistent with electrical transport. The details of our self-consistent electrical-optical model are discussed in Sec. 2. In Sec. 3, we first establish a baseline radial-junction nanowire structure as a starting point. We investigate both the radial and vertical junction designs in detail and compare their performance to a more traditional planar GaAs thin-film solar cell modeled after the current efficiency record at 28.8%. Our conclusions are summarized in Sec. 4.
Numerical methods
As discussed in Sec. 1, to properly model a nanowire solar cell, the electrical and optical aspects need to be considered in a self-consistent manner. The key physical phenomena included in our model are as follows:
• Sunlight absorption (optics module): The absorption from sunlight must be properly modeled in 3D using wave optics solving Maxwell's equations.
• Electrical transport (electrical module): The electron and hole transport equations coupled with Poisson's equation must be solved self-consistently in a 3D nanowire geometry. Due to the symmetry of the nanowire however, the equations can be solved in cylindrical coordinates.
• Spontaneous emission (optics module): The spontaneous emission rate inside a nanowire can be very different from one under a homogenous environment [25] .
Maxwell's equations need to be solved in 3D to resolve this spontaneous emission modification due to the nanowire geometry.
• Photon recycling (optics module): The emission from the intrinsic radiative recombination has a finite probability to be reabsorbed, and this spatially-resolved absorption rate can be obtained, along with the spontaneous emission modification factor, by monitoring the divergence of the Poynting vector in the dispersive semiconductor material. Below, we consider the implementation of both the optics and electrical modules, before moving on to our approach to integrating them together.
Optics module
For optical simulation in 3D nanowires, we employ a finite-difference time-domain (FDTD) simulation [26] implemented via a freely available software package developed at MIT, known as MEEP [27] . We have developed an optics module based on MEEP that delivers three quantities in matrix form: the sunlight absorption matrix, the spontaneous emission matrix, and the photon recycling matrix.
For the sunlight absorption matrix, the standard AM1.5G solar spectrum is used. The spectrum is first divided into 100 wavelength ranges, with each segment having 1/100 of the total sunlight flux. The average wavelength for each segment is used to characterize that particular segment. For each segment, one FDTD simulation is then done by injecting continuous-wave (CW), half TE and half TM, perpendicularly incident radiation onto the standing nanowire structure. To capture material dispersion, the GaAs is modeled with a complex dielectric constant that depends on wavelength [28] . The absorption rate at each position can be obtained with the following formula [26] 2 ) 5 ( , 0.
where ω is the angular frequency, E is the complex electric field, and is the imaginary part of the dielectric constant associated with loss. The absorption rate is then weighted by the AM1.5G solar spectrum and summed over all the wavelengths.
For the spontaneous emission matrix and the photon recycling matrix, a dipole source is placed inside nanowire for the calculation. Virtual flux planes surrounding the nanowire, plus the integrated absorption within the nanowire, yield the total emission of the dipole. The same simulation is then done in a homogenous environment with the semiconductor material occupying the entire simulation space. The ratio between the amounts of the two emissions is the spontaneous emission modification factor inside a nanowire. The spatially resolved absorption inside the nanowire also gives us the photon recycling profile for radiative emission at that particular location. This photon-recycling rate is normalized to quantify, for one unit of emission at one position, what percentage (in units of /cm 3 s) is reabsorbed at every other position. Of course, these simulations must be done at all the locations within the nanowire and for all dipole orientations (since no preferred direction is assumed). For each dipole orientation, the photon-recycling and emission enhancement profile throughout the nanowire does not have continuous rotational symmetry. For this reason, the optical module, unlike the electrical module to be discussed next, must be done in 3D instead of in cylindrical coordinate.
Electrical module
For electrical simulations of nanowires, we use Sentaurus from Synopsys [29] which solves the semiconductor transport equations coupled with Poisson's equation self-consistently in 1D, 2D, and 3D [30] . For this study, we exploit the fact that electrical transport in nanowires has continuous rotational symmetry about the wire center, and use cylindrical coordinates to reduce computational time. Various recombination mechanisms are considered in this study, including the bulk SRH, surface, Auger, and radiative recombinations. Important material parameters are listed below in Sec. 3.1, where a baseline nanowire structure is established.
Radiative recombination is an intrinsic property of any piece of material at a finite temperature, and in a homogeneous environment, it is related to the absorption coefficient by the Roosbroeck-Shockley equation
where α(v) is the optical absorption coefficient at wavelength v, n is the index of refraction, T is the material temperature, and h, c, and k are standard physical constants. The condition where the applied voltage V = 0 indicates this equation applies at equilibrium. Away from equilibrium, the quasi-Fermi levels for electrons and holes split, so that:
.
The spatially resolved spontaneous emission modification factor, calculated from the optics module, is then used to scale this intrinsic radiative recombination rate. Subsequently, the photon recycling matrix is used to calculate the reabsorption, and this introduces a new generation term into the continuity equation for electrical transport calculations in Sentaurus.
Electro-optically coupled simulator
The overall flow of the electro-optically coupled simulator is shown in Fig. 1 . Sentaurus conveniently offers Physical Model Interfaces (PMI) to allow seamlessly integration with the optical module. The optical module is parallelized. An entire simulation for one standing nanowire with ~400 nm in diameter and ~2 μm in length takes approximately 5 hours with 100 cores (64-bit, dual 12-core AMD Opteron 6172). A similar electro-optically coupled approach based on ray-tracing optics and 1D transport has been successfully used in the past to investigate GaAs solar cells approaching the SQ limit [32, 33] . Fig. 1 . Electro-optically coupled simulation framework flowchart, suitable for incorporating photon recycling effects into a PV device simulation in a self-consistent fashion.
Results and discussion

Baseline parameters and performance
To compare various designs and parameters, a baseline nanowire solar cell is modeled after [7] . The device structure is shown in Fig. 2(a) . The single standing nanowire is GaAs-based with a radial junction. It is 212.5 nm in radius and 2.5 μm in height. It stands on a p-type doped silicon substrate. At its center is a 7x10 18 /cm 3 p-type doped GaAs core with 147.5 nm radius. An intrinsic GaAs layer of 15 nm radial thickness is sandwiched between the p-type core and a 7x10 18 /cm 3 n-type doped GaAs shell. The heavily doped p-type substrate is assumed to make an ideal Ohmic contact with the p-type GaAs core, and the n-type contact is only in contact with the top of the nanowire and is transparent. These are of course very ideal assumptions, but doing so allows us to independently control the surface recombination velocities on the side. We concern only the intrinsic losses of the solar cell design (surface and bulk SRH, Auger, radiative recombinations, etc.). We do not take extrinsic factors into account (shadowing, series resistance, front reflection, reliability, grid design, etc.). The temperature is set to 300 K. In this work, we focus on this specific nanowire geometry and compare its radial and vertical junction configurations with thin-film design. The optimization of such solar cells and the performance in array settings will be investigated in a later study. In addition, although, as pointed out in [7] , the structure is not optimized for maximum efficiency, it provides us a realistic platform to start our numerical study. Although the performance may differ with different device dimension or material parameters, the detailed physics of the device operation and observations made thereof remain the same. The absorption percentage of perpendicularly incident CW light is plotted in Fig. 2(b) . The absorptivity exhibits several peaks as the incident wavelength becomes comparable or exceeds the nanowire's physical diameter. The complete result for different diameters can be found in [7] . Overall, the broadband absorptivity for a single standing nanowire is much less than what one can achieve in an array of nanowires and in thin-films with multiple layers of anti-reflection coatings [34, 35] . Figure 3 shows the three important optical matrices generated by the wave optics module. Figure 3(a) shows the spatially resolved generation rate from AM1.5G sunlight spectrum. The generation focuses strongly at the center of the nanowire and away from the surfaces. This is beneficial, since a defective surface may rapidly recombine electron-hole pairs generated near its vicinity. Figure 3(b) shows the spatially resolved spontaneous emission modification factor. The overall modification to the spontaneous emission is not very significant for this particular nanowire. The result also shows invariance along the nanowire length. This is due to the fact that the aspect ratio of the wire is large, so it can be approximated as a wire with infinite length. The solution is not expected to vary along the length in an infinite wire. Figure  3(c) shows the spatially resolved percentage of reabsorption. It is interpreted as the percentage of photon emission reabsorbed by the nanowire, after averaging over x, y, and z dipole orientations. The average photon recycling probability is only around ~5% for this particular nanowire structure. This is in stark contrast with a well-designed thin-film solar cell, where more than 80% of the emission can be recycled [5, 6, 36 ] -more than an order of magnitude higher. This small photon recycling in nanowires is the consequence of having improved light coupling, which enhances the emission by reciprocity. For this reason, photon recycling in single GaAs nanowire photovoltaic is low and may even be disregarded without introducing much error. On the other hand, photo recycling in planar GaAs solar cells can be significant and shall not be disregarded. In general, to know the significance of photon recycling and emission enhancement for a novel nanostructure, it is important to conduct a full electro-optically coupled simulation as we have demonstrated in this work.
This suppression of photon recycling due to enhanced out-coupling is an inherent disadvantage for nanowire solar cells. As suggested in [20] , at open-circuit, the external luminescence efficiency should be as close to 100% as possible. For every photon absorbed from the incident spectrum, one should be "extracted" from the device. But to maximize open-circuit voltage, the quasi-Fermi level spitting must be maximized. This means that Δn should be as large as possible. The internal recombination rate, Δn/τ, must equal the rate at which photons are absorbed from the incident illumination, G OP . To maximize Δn, the carrier lifetime should be as long as possible. Non-radiative processes must be minimized so that the lifetime is dictated by photons emitted by radiative recombination that leave the cell. To make the lifetime as long as possible, we should make it difficult to extract the emitted photons using, for example, a planar thin-film solar cell with good backside mirror as illustrated in Fig. 3(b) of [4] . So there are two ways to achieve 100% luminescence efficiency: 1) extract the emitted photons quickly, but this results in low lifetime, low Δn, and low open-circuit voltage, or 2) make it hard for emitted photons to escape, which results in high lifetime, high Δn, and higher open-circuit voltage. Both approaches give 100% external luminescence efficiency, but the second is preferable for solar cells. To make the lifetime as long as possible, one should trap the photons emitted by radiative recombination inside the cell for as long as possible. Once the electron-hole pairs are generated, each carrier will be set to motion in accordance with the transport equations and Poisson's equation. Figure 4(a) shows the flow of electrons inside the nanowire at J SC . The core region is p-type, so the electrons generated in the core need to travel to the n contact at the top of the nanowire to be collected. As seen in Fig. 4(a) , the radial junction is very effective in collecting the electrons. Electrons quickly travel radially to the nearest p-n junction and flows along the n-type shell toward the n contact at the top. Some of the electrons generated at the bottom of the nanowire recombined at the p contact. Figure 4(b) shows the flow of holes inside the nanowire at J SC . Some of the holes generated inside the n-type shell are collected by the p-n junction, but the rest recombine at the surface (arrows pointing outward). However, since the generation of the carriers focuses away from the surface (Fig. 3(a) ), the loss due to surface recombination is significantly reduced.
The light and dark IVs are shown in Fig. 4(c) . The IVs shows typical solar cell behavior obeying the superposition principle [37] . Despite the poor absorptivity shown in Fig. 2(b) , the optical antenna effect concentrates the light outside the physical cross-section of the nanowire and boosts its overall absorption. The total generation within the nanowire divided by its physical area is at 260 mA/cm 2 . Due to recombination losses, primarily surface recombination and emission, the J SC is reduced to 160 mA/cm 2 . This J SC is comparable to the experimentally reported value at 180 mA/cm 2 in [7] . On the other hand, the predicted V OC is at 0.94 V, comparing to the experimentally reported value at 0.43 V. This large discrepancy is possibly due to defects such as shunts or series resistance. The simulation thus suggests the low V OC observed is not fundamental to nanowire solar cells, and there is a lot of room for improvement through material and design optimization.
Nanowire solar cell with radial junction
We take a closer look at the role of surface recombination and electrical contacts in the nanowire solar cell with radial junction. Figure 5(a) shows the J SC and V OC under various surface recombination velocities. Any surface recombination velocity lower than 10 4 cm/s has minimal effect on the cell performance, while anything higher will lower both the J SC and V OC . The result suggests that, by treating the surfaces and removing dangling bonds, the single nanowire reported in [7] may obtain an extra J SC of ~25 mA/cm 2 . The major loss mechanisms at V OC are shown in Fig. 5(b) . Surprisingly, recombination at contacts can be significant when the surface recombination is not dominating. The contact recombination primarily comes from the diffusion of electrons generated inside the p-type core toward the back p-type contact. Such contact recombination can significantly degrade the performance of solar cells. A heavily doped back-surface-field (BSF) in silicon or a heterojunction in GaAs Dark thin-film solar cells is commonly used to deflect minority carriers away in order to minimize the contact recombination loss [38] . These types of structures however could be a significant challenge to implement experimentally in nanowire solar cells. Figure 6(a) shows the solar cell performance under various surface recombination velocities assuming no contact recombination. An extra ~5 mA/cm 2 in J SC and ~100 mV in V OC could be obtained through improved minority carrier deflection at both contacts. When both the surface and contact recombination are low, the radiative recombination, labeled as "emission" in Fig. 6(b) , becomes the dominant loss mechanism. The radiative recombination thus caps J SC and V OC at approximately 190 mA/cm 2 and 1.1 V respectively. 
Nanowire solar cell with vertical junction
In this section, we investigate an alternative design for the nanowire solar cell. In the vertical junction configuration, the p-i-n regions are stacked vertically along the nanowire height. The resulting geometry, as shown in Fig. 7(a) , is effectively the radial junction structure with the side junction removed and everything else kept the same. The top vertical junction in fact exists in the radial junction structure, but it is not primarily responsible for the separation of charges-the side junction does this job and collects majority of the current. Now in the vertical junction configuration, with the side junction removed, the only place carriers can be separated is at the very top of the wire. Figure 7(b) shows the electron current flow within the nanowire. Without the radial junction isolating the surfaces, the electrons generated in the p-type region quickly flow to the surface and recombine. Only a small fraction of the electrons that are generated near the vicinity of the depletion region at the top of the nanowire are collected. The surface recombination is so high that, as seen in Fig. 7(c) , the hole current is significantly distorted as a result. Therefore, intuitively, one would expect the vertical junction is much more vulnerable to defective surfaces and, therefore, performs worse than the radial junction. Overall, the J SC and V OC values are significantly lower than those for radial junctions. If the surfaces are left untreated, the J SC can plummet to as low as 20 mA/cm 2 , which is 1/13 of the total absorption. The V OC can be significantly reduced as well. In this situation, materials having low surface recombination when left untreated, such as InP, become preferable to GaAs. Since contact recombination in the vertical junction is not the most dominant recombination at V OC , one expects little effect on V OC when the contacts are improved to deflect minority carriers, as shown in Fig. 9 (a) and 9(b). On the other hand, the J SC can be improved to gain ~20 mA/cm 2 , suggesting significant electron diffusion toward the back contact. The J SC in the best case is significantly lower than the one in the radial junction, due to the inefficient collection of carriers causing carriers to be lost through radiative emission. Over all, the vertical junction displays an inferior performance compared with the radial junction due to its vulnerability to surface defects and inefficient carrier collection.
Planar thin-film solar cell
High efficiency single-junction solar cells using GaAs have been created using a thin-film approach, with efficiencies as high as 28.8% under the standard solar spectrum being reported [36] . This efficiency is fairly close to the theoretically predicted SQ efficiency limit at 33%. The planar thin-film solar cell is less complex than a nanowire cell, and many theoretical studies have been done to investigate its physics. A more detailed design study of GaAs thinfilm solar cells toward the SQ limit can be found in [36] . In this work, we only briefly look at the role of the backside mirror reflectivity to illustrate the major differences between nanowire and thin-film solar cells. Figure 10 (a) shows the thin-film solar cell geometry. It is equivalent to the vertical junction nanowire extended to have an infinite radius. The structure has two distinct features that nanowire cells do not have. One is the front and back AlGaAs/GaAs heterojunction interface blocking the minority carriers away from the contacts. This is a commonly deployed feature in thin-film cells, and therefore, we assume there is no minority carrier loss at the contacts. The other distinct feature is the backside mirror, which reflects the radiatively emitted photons back to the thin-film and enhances photon recycling. This effect has been known and proposed as a means to increase GaAs solar cell efficiency, going back to early work from over two decades ago [39] .
In order to make a fair comparison with the nanowire geometry, the total generation rate in the planar cell is kept the same as that in nanowires. This translates to a 7.7-Sun concentration that produces a generation current of 260 mA/cm 2 . With the absence of surface and contact recombination, which are the two major sources of non-radiative recombinations in nanowires, the radiative recombination loss dominates in thin-film GaAs solar cells. This is an expected signature of any solar cell approaching its SQ limit, as non-radiative recombination losses are being minimized. The radiatively emitted photons, if not recycled, may be emitted out of the structure or be parasitically absorbed by the backside mirror. This is illustrated in Fig. 10(b) . The planar semiconductor/air interface creates a small escape cone, allowing only ~2% of the emission escapes the structure. The rest of the emitted photons are trapped within the thin-film through total internal reflection, until they are reabsorbed by the semiconductor or parasitically absorbed by the mirror and turned into waste heat. The emitted photons concentrate closely to the bandgap energy, where the absorption probability is low for such photons. The photons thus need to bounce around the thin-film and travel an extended distance for recycling. A fraction of the photons striking the backside mirror are lost due to the imperfect reflectivity. Thus, as shown in Fig. 11 , the mirror reflectivity noticeably influences both the J SC and V OC . Unless it is designed to have a high reflectivity (> 90%), the mirror is responsible for majority of the radiative recombination loss and thus is the bottleneck toward higher efficiency. Table 2 summarizes the best performing radial and vertical junction nanowire solar cells and planar solar cell seen in this study. Also listed are experimentally reported record efficiency III-V solar cells. Due to the self-concentration effect, nanowires display an abnormally high apparent (uncorrected) efficiency exceeding 100%. We term this efficiency the "apparent efficiency" (Apparent η). Since this measure does not account for a mismatch between the optical collection area and geometric cross-sectional area, the simulated J SC should be divided the self-concentration factor in order to calculate the effective efficiency (η). This effective efficiency is what would be observed after masking the optical input cross-sectional area to equal the geometric cross-sectional area; it is most suitable for comparison with other photovoltaic technologies. Note that the V OC and Fill Factor (FF) are both assumed to stay invariant with concentration, since the concentration affects them only logarithmically, much less than J SC . The reported single, radial junction, nanowire solar cell in [7] shows an efficiency at 5.2%, while the theoretically predicted performance may reach as high as 25.1%. This suggests that there is still a lot of room for improvement. In comparison, the vertical junction performs much worse with a theoretically predicted best efficiency at 14.4%. Interestingly, one of the highest efficiency nanowire array solar cells is made from vertical junction with InP at 13.8% efficiency [2] . As discussed in Sec. 3.3, one of the key disadvantages of vertical junctions is the lack of depletion region area to efficiently collect the carriers. Compared to the vertical junction structure we used in this study, the InP nanowire array has a much more optimal design. The intrinsic region extends throughout the majority of the wire length, creating a built-in electric field that separates the charges efficiently.
Summary
The fabricated planar bulk and thin-film solar cells, at 26.4% and 28.8% respectively, significantly outperforms the nanowire solar cells. As discussed in Sec. 3.4, having no side surfaces and using double-heterojunction structures are two of the key advantages that planar cells have over nanowire solar cells. The thin-film solar cell has an additional advantage in having a backside mirror to enhance photon recycling. The predicted best thin-film solar cell efficiency is at 31.9%. In comparison, the SQ limit is at 33.5%. The intriguing fact that the planar solar cell can exceed the V OC of the SQ limit has been explained in detail in [4] and [36] .
Conclusion
In this study, we used an electro-optically coupled simulator to investigate the performance of GaAs-based single NW solar cell with radial and vertical junctions, based on the experimental structure explored in [7] . The thin-film GaAs solar cell is used as a comparison to illustrate some of the important differences between NW and thin-film designs. Through an extensive set of numerical simulations, we showed that the low V OC observed experimentally for the NW cell at 0.43 V is not a fundamental limit; there is a lot of room for improvement to obtain higher efficiency in such cells. At V OC , contact recombination becomes a major loss factor in radial junction design, while the vertical junction is much more vulnerable to surface defects. If both engineering challenges are addressed, NW solar cells can obtain high efficiencies comparable, but still lower, to that of thin-film solar cells. The distinct advantage of total internal reflection and backside mirror allows thin-films to exhibit better photon recycling. Single nanowires, on the other hand, have strong in-coupling and out-coupling of light, which creates the possibility of optical self-focusing, but also decreases photon recycling. Although the apparent efficiency can exceed 33%, this effect is caused by optical self-focusing. Thus, we found it is necessary to correct raw short-circuit currents observed by effectively masking the light entering to match the geometric cross-section of the nanowire. With this correction, near the SQ limit where radiative recombination dominates, nanowires demonstrate lower V OC and J SC values and efficiencies than a thin-film solar cell. Although the design principles differ, both the nanowire and thin-film solar cells are constrained by the same physical principles and neither should be expected to exceed the SQ limit.
